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Abstract 
During their operation, modern aircraft engine components are subjected to increasingly demanding operating conditions, 
especially the high pressure turbine (HPT) blades. Such conditions cause these parts to undergo different types of time-dependent 
degradation, one of which is creep. A model using the finite element method (FEM) was developed, in order to be able to predict 
the creep behaviour of HPT blades. Flight data records (FDR) for a specific aircraft, provided by a commercial aviation 
company, were used to obtain thermal and mechanical data for three different flight cycles. In order to create the 3D model 
needed for the FEM analysis, a HPT blade scrap was scanned, and its chemical composition and material properties were 
obtained. The data that was gathered was fed into the FEM model and different simulations were run, first with a simplified 3D 
rectangular block shape, in order to better establish the model, and then with the real 3D mesh obtained from the blade scrap. The 
overall expected behaviour in terms of displacement was observed, in particular at the trailing edge of the blade. Therefore such a 
model can be useful in the goal of predicting turbine blade life, given a set of FDR data. 
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Abstract 
Creep, low cycle fatigue (LCF) and creep fatigue tests have been conducted for modified HR3C (25Cr20NiNbN) at high 
temperatures ranging of 650-750 °C. Both LCF and creep fatigue test results could be described with the Coffin-Manson 
relationship. The number of cycles to failure in the creep fatigue tests was more than one order of magnitude lower compared with 
LCF. The effect of the total hold time in tension (the total creep time) was compared to creep rupture data. The creep fatigue results 
were in reasonable agreement with the creep tests. The short creep fatigue lives may be due to the low creep ductility which was 
found in the creep tests. Fractography showed that the rupture mode was intergranular. Cavities were observed at grain boundaries 
due to the fracture of the pri ary Z phase particles in both LCF and creep fatigue ests. In comparison to Sanicro 25, the m dified 
HR3C showed better LCF properties. 
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1. Introduction 
It is crucial to develop and adopt more energy efficient technologies due to the increasing energy demand as 
reported by IEA (2015). In order to improve the efficiencies of power plants and reduce CO2 emission, as well as save 
costs, the operating temperature nd str ss have been increased in th  fossil fired power plants, Chai (2014) However, 
the life of components in the high temperature and stress condition is limited by the properties of the materials, 
especially creep strength and oxidation resistance. The materials also need to have a high resistance to thermal fatigue, 
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since the components generally undergo a certain degree of structural constraint and localized plastic flow at high 
temperatures. Austenitic stainless steels are of particular interest when the temperature of components of power plants 
is raised. It is important to study the rupture behavior in these steels.  
HR3C has been developed for high temperature applications in power plants, where high creep strength and high 
temperature oxidation resistance as well as corrosion are critical matters. Creep strength is always a vital property for 
materials used for high temperature applications. In addition, low cycle fatigue (LCF) is also an important factor that 
will influence the life of the materials at high temperatures. This also implies that creep-fatigue interaction is of 
importance. During creep fatigue test, both creep and fatigue will accelerate the material damage. Often during creep 
fatigue tests, the specimens will be held at the maximum and/or minimum tensile stress for a certain time during the 
fatigue cycles. In this work, creep and LCF, as well as creep-fatigue properties of a modified HR3C were investigated. 
Experimental tests were conducted on the modified HR3C including creep, LCF and creep-fatigue. Comparison is 
made between LCF, creep-fatigue tests and to the creep data. 
2. Experimental setup  
2.1. The modified HR3C steel 
Two types of extruded tubes were manufactured. One tube was cold drawn and solution annealed (at 1230 °C for 
15 min in order to adjust the grain size and to dissolve the precipitates which had formed during the manufacturing of 
the tubes) whereas the other one was quenched immediately after extrusion. Non-destructive testing (NDT) of the 
tubes was also performed. 
The chemical composition of the modified HR3C is listed in Table 1. The Cr, Nb and N contents were increased 
to 25.27, 0.61 and 0.34 and W (0.46) and Cu (0.47) were added in an attempt to improve the creep properties. 
Compared to the ASTM standard requirement, the modified case is within the maximum and minimum range, only 
with Nb 0.01% higher than the maximum limit. 
Table 1. Chemical composition of modified HR3C (wt. %) 
 C Cr Si Ni Nb Mn N W Cu 
Unmodified 0.062 24.7 0.38 20.6 0.44 1.2 0.1819 - - 
Modified 0.075 25.27 0.39 20.3 0.61 1.17 0.34 0.46 0.47 
ASTM Min 0.040 24.0 0.00 17.0 0.20 0.0 0.15   
ASTM Max 0.100 26.0 0.75 23.0 0.6 2.0 0.35   
2.2. LCF and creep-fatigue tests 
The heat treatment of the materials used for LCF and creep fatigue tests is cold drawn and solution annealed at 
1230 °C. Rectangular specimens were made from two tubes with an inner and outer diameter of 40 mm and 54 mm 
respectively. The length of the two tubes was 216 and 260 mm, so the amount of material available was limited.  
The drawing of the specimen is shown in Fig. 1. The parallel length is 10 mm. Tests were performed in air 
employing the Instron 8562 system. The extensometer measured over 25 mm, and the strain was transferred for the 
parallel length 10 mm with the aid of FEM calculations (the calculation details are not given here). 
The LCF tests were conducted with fixed strain amplitudes, ranging from 0.3 to 0.8%, with a strain rate of 1×10-3 
s-1. The test temperature was 700 °C. The test temperature was controlled within ±1 °C. The creep-fatigue tests were 
also performed at 700 °C with a hold time of 300 s at the peak tensile stress with fixed strain amplitude ranging from 
0.2 to 0.8%. The tests are summarised in Table 3. 
Specimens for scanning electron microscopy (SEM) were prepared by mechanical grinding, polishing and 
electrolytic etching in a 10% solution of oxalic acid in distilled water at 5 V for 60 s. The SEM instrument used in this 
project was a Hitachi S3700N. 
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Fig. 1. Drawings for specimen with length 240 mm and thickness 5 mm 
2.3. Creep test 
The creep tests were conducted at the Institute of Materials Science and Welding, Graz University of Technology. 
For the creep tests both type of tubes as described above were used, the tubes were marked as: 
 Tube condition ECS (Extruded cold drawn and solution annealed) 
 Tube condition EQ (Extruded and quenched immediately after extrusion) 
The dimension of the ECS tube had 54 mm outer diameter and was 7 mm in thickness. The dimension of the EQ 
tube was 60 mm in outer diameter and 8 mm in thickness. Creep samples were manufactured out of the tubes and 
prepared according the DIN50125 and the location of the creep samples can be seen in Fig. 2. One half of the tubes 
was used to investigate the tubes in as-received condition and the other half was used for creep samples preparation. 
In total six creep samples were manufactured from each tube. For each tube type (ECS, EQ) three stresses were chosen, 
as listed in Table 2. 
 
 
Fig. 2. Location and marking of creep samples 
3. Test results  
3.1. Creep rupture 
The test results of the creep test are listed in Table 2. The reduction of area is calculated by the help of the initial 
diameter and diameter after rupture. In some cases the diameter could not be measured after rupture. For the creep 
rupture strength, no significant differences between the EQ and ECS samples can be observed. The material showed 
a low reduction in area at rupture, in the range of 4-19%. 
ECCC (2005) has proposed a master equation to predict the creep rupture time for different types of austenitic 
stainless steels. For HR3C, the master equation can be expressed as: 
 2 3 4RP 0 1 0 2 0 3 0 4 0 4exp / Tt                                                                                            (1) 
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where tRP is the predicted rupture time in hours, σ0 is the stress in MPa, T is the temperature in Kelvin. The constant 
parameters take the values β0=-26.7658463, β1=-0.116574839, β2=0.00045779653, β3=-9.44027818×10-7, 
β4=6.222836×10-10 and β5=42990.9766. Fig. 3 shows the comparison of ECCC master curve, Eq. (1) and experimental 
creep rupture strength as a function of creep time. Compared with the master equation, the experimental creep results 
are lower at 750 °C and much lower at 650 °C.  
Table 2. Creep test results of modified HR3C 
Heat treatment Temperature (°C) Creep stress (MPa) Rupture time (h) Reduction in area Z (%) 
EQ 650 250 17 * 
EQ 650 300 15 15 
EQ 650 325 8 * 
ECS 650 250 45 * 
ECS 650 300 21 11 
ECS 650 325 6 17 
EQ 750 110 141 * 
EQ 750 132 211 19 
EQ 750 143 119 14 
ECS 750 110 682 16 
ECS 750 132 169 5 
ECS 750 143 88 4 
* Diameter after rupture could not be measured 
 
 
Fig. 3. Comparison of the experimental creep rupture strength with the ones predicted with the master equation, Eq. (1), as a function of the creep 
time at 650 and 750 °C 
3.2. Cyclic loading  
The test results for LCF with and without hold time are listed in Table 3. Two tests were interrupted before failure.  
The Coffin-Manson relationship can be used to characterize the cyclic response of metallic materials. The Coffin-
Manson equation can be expressed as 
 ' 2
2
cP
f fN

                                                                                                                                               (2) 
where εP is the plastic strain range, ε’f is the fatigue ductility coefficient, and c is the fatigue ductility exponent. 
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Table 3. LCF and creep fatigue test results for modified HR3C at 700 °C 
Hold time 
(s) 
Total strain 
range (%) 
Plastic strain 
range (%) 
Maximum tensile 
stress (MPa) 
Stress amplitude 
(MPa) 
Total hold time 
(h) 
Number of cycles 
to failure 
0 1.52 0.89 388 388 0 377 
0 1.08 0.27 335 344 0 2126 
0 0.87 0.15 312.5 323 0 6230 
0 0.63 0.05 262.7 259 0 25906 (not failed) 
300 1.52 1.15 344 356.5 2 24 
300 1.08 0.48 293 307 4.08 49 
300 0.61 0.07 218 245 53.42 641 
300 0.46 0.03 181.8 190.4 84.58 1015 (not failed) 
 
The cyclic stress response of modified HR3C at 700 °C with and without hold time is shown in Fig. 4. It can be 
seen that the number of cycles to failure decreases with increasing total strain range and plastic strain range in 
agreement with the Coffin-Manson equation, which is shown by the dashed lines in Fig. 4 (a) and (b). Fig. 4 (c) shows 
the stress amplitude versus the plastic strain range for the modified HR3C at 700 °C under LCF and creep fatigue 
conditions. It is seen that creep fatigue shows lower stress amplitude. This may due to stress relaxation during the 
creep period. There is more than one order of magnitude decrease in the number of cycles to failure when the hold 
time (300 s) is introduced. So creep has a significant effect on the low cycle fatigue.  
 
    
Fig. 4. Cyclic stress response of modified TP310NbN at 700°C with and without hold time: (a) total strain range versus number of cycles to 
failure; (b) plastic strain range versus number of cycles to failure; (c) stress amplitude versus plastic strain range. 
3.3. Total hold time during creep fatigue 
During the hold time of the LCF test, the material is exposed to pure creep, thus the total hold time can be considered 
as the total creep time during the test. Therefore, it is naturally to compare the total hold time with the experimental 
creep rupture strength, Nilsson and Sandstron (1988), Sandstrom et al. (1989). Fig. 5 shows the comparison of creep 
rupture strength as a function of the total hold time or creep time for creep and creep fatigue tests. The experimental 
results are the creep tests at 650 and 750 °C and the creep fatigue test results at 700 °C. For the creep fatigue test 
results, the maximum stress is plotted against the total hold time. Compared to the experimental creep rupture data at 
650 and 750 °C, the creep fatigue results lie between those of the creep tests at the two temperatures as they should. 
 
 
(a) (b) (c) 
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Fig. 5. Comparison of creep rupture strength during creep and creep fatigue test as a function of hold time or creep time. The creep tests are at 
650 and 750 °C, the total hold time during creep fatigue is at 700 °C 
3.4. Fractography and microstructures 
Fig. 6 shows SEM images of the samples after creep, LCF and creep fatigue tests. For the creep test, it can be 
readily seen that cavities were formed along grain boundaries. Cavities have also coalesced and formed cracks along 
the grain boundaries. Thus, intergranular fracture is the main mode for the failure of the material. Fig. 6 (b) and (c) 
show SEM images of fracture surfaces of the HR3C variant tested at 700 °C with a total strain range of 1.08% for 
both LCF and creep fatigue. It is clearly demonstrated that the fracture mode is intergranular under both LCF and 
creep fatigue test conditions. Cracks and cavities have been observed along grain boundaries. In comparison with the 
LCF results, it can be seen that there are more cracks appearing at the creep fatigue test conditions. Thus, creep 
accelerates the failure of the material. It can be concluded that for creep, LCF and creep fatigue, the main fracture 
mode is intergranular. 
 
 
Fig. 6 (a) SEM images of ECS sample after creep exposure at 650 °C and 300 MPa for 21 h; (b) SEM images of fracture surfaces of HR3C 
variant tested at 700 °C with total strain range 1.08% under LCF condition; (c) SEM images of fracture surfaces of HR3C variant tested at 700 °C 
with total strain range 1.08% under creep fatigue condition. 
It can be seen in Fig. 7 (a) that there are many primary Z phase particles distributed in the material like stringers 
under LCF test conditions. The stringer distribution is a result of the extrusion process. A number of stringers of 
crushed primary Z phase particles and some large uncrushed primary particles were observed. The sizes of the primary 
uncrushed particles were in the range of 5-15 μm. The crushed ones ranged from 0.5 to 6 μm. Inclusions like chromium 
oxide and MnS particles were also observed in the specimens as shown in Fig. 7 (b). The radii of the particles were in 
the range 5-20 μm. Fig. 7 (b) and (c) show cavities in the specimens. For both the LCF test and creep fatigue test, the 
cavities lie at grain boundaries, but some appear also inside the grains. Some of the Z phase particles were also 
observed at the grain boundaries. 
 
(a) (b) (c) 
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Fig. 7 SEM images of HR3C variant at 700 °C with total strain range 1.08% under conditions of (a) and (b) LCF; (c) creep fatigue. 
4. Discussion  
4.1. Effect of hold time and particles 
From Fig. 4, it can be seen that both the LCF and creep fatigue test results can be described with the Coffin-Mansion 
relationship. With the 300 s hold time during the creep fatigue test, the number of cycles to failure has been 
significantly affected with a decrease of more than one order of magnitude in life. Thus the hold time (300 s) in the 
current test has a significant effect. From the fracture surface, it can be seen that the fracture mode is dominated by 
intergranular rupture, which is likely to be a result of creep cavitation. From Fig. 7 one finds that cavities are observed 
along grain boundaries. This can explain the decrease of the number of cycles to failure in the creep fatigue test, since 
creep cavitation plays an important role. The failure mechanism of the creep fatigue specimens is assumed to be the 
cavities that formed along grain boundaries, which resulted in brittle rupture of the material. 
Fine Z phase particles are assumed to increase the creep strength of the materials. However, from Fig. 7 it can be 
seen that the particles are not evenly distributed and they are not small enough. The primary particles do not influence 
the strength but are probably the reason for the low creep ductility. Low ductility was observed during the current 
creep tests, as listed in Table 2. Fig. 7 shows that the oxides and inclusions were unevenly distributed, which indicates 
that the oxides and sulfides could also have contributed to the failure of the material. 
4.2. Comparison with Sanicro 25 
The LCF properties of HR3C is compared with those of Sanicro 25 (22Cr25NiWCoCu austenitic stainless steel) at 
700 °C from Polák et al. (2014) in Fig. 8.  
 
 
Fig. 8. Comparison of LCF properties of HR3C variant and Sanicro 25 at 700 °C. (a) Plastic strain range as a function of number of cycles to 
failure; (b) stress amplitude versus plastic strain range. The experimental data for Sanicro 25 are taken from Polák et al. (2014). 
(c) (a) (b) 
(a) (b) 
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Both materials present similar behavior. The number of cycles to failure decreases with increasing plastic strain 
range. The number of cycles to failure of HR3C variant is up to two times longer than for Sanicro 25. Fig. 8 (b) shows 
the stress amplitude as a function of the plastic strain range. Similar stress-strain response was observed with HR3C 
showing a somewhat lower stress amplitude at a given plastic strain range. 
5. Conclusions 
1. Creep rupture tests of the modified HR3C at 650 and 750 °C gave lower creep strength than ECCC values for the 
unmodified material. The creep ductility was quite low. Reduction in area values of between 4 and 19% were 
obtained.  
2. LCF experiments were conducted at 700 °C with strain amplitudes ranging from 0.2 to 0.8% with and without 
hold time for the modified HR3C. The LCF properties of the modified HR3C were compared with Sanicro 25 at 
700 °C. The number of cycles to failure of HR3C was up to two times longer than for Sanicro 25. Similar cyclic 
stress-strain response was observed for the two materials. 
3. Creep effects have a significant influence on the fatigue life of HR3C variant, which reduces the number of cycles 
to failure by more than one order of magnitude. The lifetime of the creep fatigue test could be predicted with the 
help of the experimental creep rupture times. 
4. The likely reason for the early failure of the creep fatigue tests is the presence of the coarse primary Z phase 
particles, which formed a large number of stringers after extrusion. This resulted in the formation of cavities along 
grain boundaries reducing the creep ductility of the material. 
5. Fractography showed that the main mode of the failure of the material in creep, LCF and creep fatigue tests was 
intergranular with cracks observed along grain boundaries. The creep fatigue tests showed more fatigue cracks 
than the LCF tests.  
Acknowledgements 
Financial support by the European Union (directorate-general for energy), within the project MACPLUS 
(ENER/FP7EN/249809/MACPLUS) in the framework of the Clean Coal Technologies is gratefully acknowledged. 
The authors would like to thank the China Scholarship Council (CSC) for funding a stipend for Junjing He.  
References 
Chai, G. C. 2014. Low cycle fatigue behavior and mechanism of newly developed advanced heat resistant austenitic stainless steels at high 
temperature. Advanced Materials Research. 891-892: 377-382.  
ECCC 2005. "European Creep Collaborative Committee DATA SHEETS 2005 - HR3C." 120.  
IEA 2015. "World Energy Outlook 2015 Factsheet." International Energy Agency.  
Nilsson, J. O. and R. Sandstrom 1988. "Influence of temperature and microstructure on creep-fatigue of alloy 800H." High temperature 
technology 6(4): 181-186.  
Polák, J., R. Petráš, M. Heczko, I. Kuběna, T. Kruml and G. Chai 2014. "Low cycle fatigue behavior of Sanicro25 steel at room and at elevated 
temperature." Materials Science and Engineering A 615: 175-182.  
Sandstrom, R., J. Engstrom, J. O. Nilsson and A. Nordgren 1989. "Elevated temperature low-cycle fatigue of the austenitic stainless steels type 
316 and 253MA. Influence of microstructure and damage mechanisms." High temperature technology 7(1): 2-10.  
 
 
